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METHODS FOR USING PET MEASURED 
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IMPAIRMENT 



BACKGROUND OF THE INVENTION 

Diagnostic imaging and radiology began as a medical sub-specialty in the first 
decade of the 1900's after the publication in 1898 describing experiments on x-rays by 
Professor Wilhelm Roentgen. The development of radiology grew at a steady rate until 
World War II. Extensive use of x-ray imaging during the Second World War, and the 
advent of the digital computer and new imaging modalities like ultrasound, magnetic 
resonance imaging, single photon emission computed tomography and positron emission 
tomography have combined to create an explosion of diagnostic imaging techniques in the 
past 25 years. 

In general, radiological imaging can address two issues: structure and function. It 
is possible either to view structures in the body and image anatomy or view chemical 
processes and image biochemistry. Structural imaging techniques can image anatomy and 
include ultrasound, X-rays, computerized axial tomography (CAT) and magnetic 
resonance imaging (MRI). Bone can be distinguished from soft tissue in X-ray imaging, 
and organs become delineated in CT and MRI imaging. All of the technologies described 
above have contributed to a foundation of extraordinary strength and breadth in diagnostic 
radiology. However, they all share the same basic limitation. The above described 
technologies reveal only anatomical structure. Pathology, whether injury, degeneration, 
lesion, tumor or anomaly, is revealed to the radiologist's trained eye as a deviation from 
normal structure. 

Single photon emission computed tomography (SPECT) and positron emission 
tomography (PET) - differ from structural imaging modalities in that they follow actual 
chemical substituents and trace their routes through the body. These methods give 
functional images of blood flow and/or metabolism that are essential to diagnoses and to 
research on the brain, heart, liver, kidneys, bone and other organs of the human body. 
Since anatomical structures usually serve different functions and embody different 
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biochemical processes, to some degree, biochemical imaging can provide anatomical 
information. However, the strength of these methods is to distinguish tissue according to 
metabolism not structure. 

PET is an imaging technology that allows physicians and researchers to observe 
and analyze the chemical functioning of an organ or tissue, rather than anatomical 
structure as in MRI and CT. By examining cellular and metabolic activity, this imaging 
tool is vital to diagnosing and assessing the progression of diseases such as cancer, 
Parkinson's disease, Alzheimer's disease, heart disease, stroke and numerous other 
common afflictions. Furthermore, in research, PET allows for continuous and immediate 
monitoring of the effectiveness of medications and drugs under development. 

PET consists of the systemic administration to the subject of a selected 
radiopharmaceutical labeled with one of several "physiological" radionuclides, 11C, 13N, 
150 or 18F, followed by the measure, as a function of time, of the distribution of that 
nuclide in the structure of interest. The isotope 18F, generally in the form of 18F-fluoro- 
deoxyglucose (FDG), is particularly useful in neuroimaging because glucose metabolism is 
a clear indicator of changes in brain metabolism. The brain uses glucose as its only source 
of fuel unless in a state of starvation. The brain is very active metabolically, even during 
sleep. PET can be used to study the activity of the brain, because the amount of glucose 
metabolism in a given region will vary based on the activity of that region. The radioligand 
FDG is an analog of glucose and is taken up by brain cells just like glucose, but its 
metabolite is trapped in the cell. Thus, the more active the cell or region, the more 
radioactive glucose builds up, resulting in emission of more positrons from that region 
relative to other regions. Conversely, regions with decreased cellular activity have 
decreased metabolism, and decreased positron emission. The distribution is measured 
through the detection of the penetrating radiation emitted as a result of the annihilation of 
the positrons emitted from FDG. 

These radionuclides are unstable because their nuclei contain an excess of protons 
with respect to a more stable configuration and decay to emit their excess positive charge 
in the form of positrons. Positrons are the anti-particles of electrons with the same rest 
energy, 511 million electron volts (mev) and charge of e+. When emitted, positrons travel 
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a very short distance through matter and most probably bind with an electron forming, for 
a very brief time, a compound called positronium. Positronium decays very rapidly 
through annihilation into paired gamma rays each with energy of 5 1 1 mev and traveling in 
opposite directions. The energy partition between the gamma rays and their opposite 
direction of travel is necessary to conserve the energy and momentum of the original 
positronium system. The extremely short travel distance of the positron and its rapid 
initiation of the paired, equal energy gamma rays mean that the origin of the gamma rays 
can be assumed to be essentially the point of emission of the original positron. This fact 
and the short half-life of 18F of 110 minutes make this isotope a useful biological tracer 
permitting relatively large doses of activity with tolerable radiation exposure of the 
subject. The simultaneous emission of the paired, equal energy gamma rays traveling 
collinearly in opposite directions may be detected by paired photon detectors connected by 
a "coincidence" circuit that allows registration of an annihilation event only if the two 
photons detected on opposite sides of a subject impinge their separate detectors within a 
specified time period. This system provides an "electronic" form of collimation for the 
photons emitted from the annihilation event because it is sensitive to annihilation events 
occurring within a volume circumscribed by the straight line joining the two photon 
detectors and insensitive to events occurring outside this volume. The advent of 
coincidence detection of annihilation generated photons has led to images of greater 
quality and much finer resolution of the matter in which the annihilation event occurred. 

There are a number of brain disorders that may be analyzed using functional PET 
functional imaging. These include degenerative brain, disorders such as Alzheimer's 
Disease (AD), Jacob-Kreutzfeldt disease and cerebral dysfunction caused by stroke, drug 
abuse and closed head injury. These diseases and conditions all show diminution of 
cognitive ability, loss of memory and may also show personality disorder. Measurement 
of cognitive decline or dysfunction is a powerful tool that can be used to identify, monitor 
and identify changes in these conditions. This cognitive decline or dysfunction is referred 
to throughout the instant patent as mild cognitive impairment (MCI). 

One of the most feared medical problems for an individual to face is Alzheimer's 
disease (AD). Most patients know that there is little that can be done to slow the brain 
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degeneration down, and nothing currently can be done to stop its course or prevent it. 
While available medications help, there is no cure, and a diagnosis of AD often means a 
long and troubled course. AD is the most common cause of dementia in late life, present in 
approximately 10% of those 65 years and older, and almost 50% of those 85 and older 
(Evans DA, Funkenstein HH, Albert MS, Scherr PA, Cook NR, Chown MJ, Hebert LE, 
Hennekens CH, Taylor JO. (1989). Prevalence of Alzheimer's disease in a community 
population of older persons. Higher than previously reported. JAMA, 262(1 8):255 1-6). 

While these numbers are concerning enough, the prevalence in our aging 
population is increasing, and is projected to quadruple in the next half-cuntury 
(Brookmeyer R, Gray S, Kawas C. (1998). Projections of Alzheimer's disease in the 
United States and the public health impact of delaying disease onset. Am J Public Health. 
88(9): 1337-42). 

Alzheimer's disease (AD) is one of the clinically most important amyloid disorders. 
AD currently ranks as the fourth "most expensive" disease in the United States, behind 
heart disease, cancer and diabetes. However, by 2010 costs associated with the care and 
treatment of seniors with AD in the US are expected to be greater than the costs 
associated with treating cancer and diabetes. 

In 1990, 4 million people had AD, and this is expected to reach 14 million by 2050 
(Katzman R, Kang D, Thomas R. (1998). Interaction of apolipoprotein E epsilon 4 with 
other genetic and non-genetic risk factors in late onset Alzheimer disease: problems facing 
the investigator. Neurochem Res. 1998 Mar;23(3):369-76.) Annual costs for patient care 
in 1998 were $40,000 per patient (Petersen RC, Stevens JC, Ganguli M, Tangalos EG, 
Cummings JL, DeKosky ST. (2001). Practice parameter: early detection of dementia: mild 
cognitive impairment (an evidence-based review). Report of the Quality Standards 
Subcommittee of the American Academy of Neurology. Neurology. 56(9): 1 133-42.) 
Thus in 2050, a conservative estimate of annual costs is $560 billion dollars for patient 
care alone. 

Alzheimer's disease (AD) is representative of a number of diseases result from 
chronic, pervasive processes that begin well before memory loss and concomitant 
cognitive impairment is noticed by the patient. In addition to AD, these diseases include 
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Parkinson's disease, Huntington's disease, Pick's Dementia, Jakob Kreutzfeldt syndrome 
and Dementia with Lewy bodies. Mild cognitive impairment (MCI) resulting from head 
injury, patient intake of drugs or intake of alcohol round out a constellation of conditions 
that will benefit from diagnostic methods that will indicate the earliest possible detection. 

Current methodologies for early detection and diagnosis of MCI and the 
degenerative diseases which induce MCI early in their development take several 
approaches, including genetic analysis, neuropsychological tests, and functional 
neuroimaging. Measurement of brain metabolism in vivo has been shown to be a very 
sensitive method to detect even early cognitive changes. In fact, several previous reports 
indicate that it is possible to detect brain functional changes across groups of patients 
before subjective symptoms or neuropsychological impairment occurs (Small GW, et al, 
(2000). PNAS 97(ll):6037-6042, Raman EM, et al, (2001). PNAS 98(6):3334-3339, De 
Leon MJ, et al, (2001). PNAS 98(19): 10966-10971). However, development of reliable 
methods of detecting MCI in individual patients at a clinical level is lacking. Detection of 
this degenerative process in premorbid states would enable the early treatment with 
medication to enhance and prolong quality of life, to provide an answer to the patients' 
questions regarding their potential for cognitive decline, to help them plan and prepare for 
the future, and hopefully one day to prevent the disease altogether. 

There have been numerous efforts to utilize structural and functional imaging to 
diagnose, understand and monitor treatment of AD and related brain dysfunction or 
deterioration. A description of some of the more productive efforts will serve to illustrate 
the advancement of the teaching of the instant invention. 

United States Patent 5,262,945, DeCarli, et. al. November 16, 1993 entitled, 
"Method for quantification of brain volume from magnetic resonance images" presents 
some of the earliest work on technology generally known as automated image 
segmentation. The DiCarli patent addresses the problem inherent in the technology that 
measuring volume of a structure in the brain had to do be done manually. This involved 
drawing, for example, two lines across a ventricle in a given brain image slice, in a cross 
formation, and then calculating volume based on those distances. It was possible and quite 
time consuming to outline the entire volume in that slice. Accuracy improved with more 
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slices taken, however, the distinct boundary between ventricle and brain tissue had to be 
drawn by hand. Utilization of the properties of the digital images delivered by MRI 
enabled differentiation between tissues based on the difference of image intensities. Image 
quality and contrast led to the development of methods to select one pixel in the image (a 

5 seed-point) which was then used to automatically define a region based on contiguous 
pixels of a similar intensity. This in turn led to the ability to implement software to 
automatically place seed-points at random, and hence fully automate segmentation of the 
image into various tissues: scalp, CSF, gray matter, and white matter. 

The MRI based DeCarli Patent utilizes measurements of volume to define regions 

10 of interest (ROI) based on histogram intensity of threshold-defined structures. The 
DiCarli patent teaches determination and identification of disease presence by searching 
for differences in volume and teaches monitoring of disease progression by observing 
volumetric changes. The DiCarli patent can be used therefore to determine volumes of 
various regions in the brain and to detect AD and other disorders that may lead to 

15 volumetric changes occurring at late r stages of the disease. 

This may be distinguished from the instant PET based patent which uses data from 
the measurements of glucose metabolism to define three dimensional spherical volumes of 
interest (VOI) of 1 cm diameter where the center of the sphere is located by using a 
mathematical treatment based on statistical parametric mapping (SPM). The 1cm 

20 diameter, spherical VOI is roughly equivalent to a cube of 125 volume elements (voxels); 
i.e. a cube 5 voxels on a side where each voxel is a 2mm isotropic volume element. 

Statistical parametric maps are spatially extended statistical processes that are used 
to test hypotheses about regionally specific effects in neuroimaging data. The most 
established sorts of statistical parametric maps are based on linear models, for example 

25 • analysis of covariance (ANCOVA), correlation coefficients and t-tests. Application of 
SPM brings together two well established bodies of theory (the general linear model and 
the theory of Gaussian Fields) to provide a complete and simple framework for the 
analysis of imaging data. SPM is a software package that consists of a collection of tools 
used to process and analyze 3D functional brain image data. SPM runs in a Matlab 

30 (Mathworks, Inc) shell. The homepage can be found at http://www.fil.ion.ucl.ac.uk/spm/. 
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SPM is used to spatially normalize and spatially filter the brain image data (processing) 
and then to compare two groups of subjects and statistically analyze the results. These 
results are subsequently used to provide loci for sampling with MARSBAR, a "plug-in" 
accessory program for SPM, which actually does the intensity sampling of the 5mm radius 
5 spherical volumes of interest. The 3D matrix calculations used for processing and analysis 
of PET brain image data are well documented in the art. 

The DeCarli methodology has been replaced by voxel based morphometric (VBM) 
measurements. VBM enables whole brain analyses on segmented images, and can more 
precisely define where tissue ioss is occurring. This technology, using MRI, holds the 
10 potential for early discrimination; however, the problem with this method lies in the 
inherent variance in hippocampal volume. Because of this, successive measurements are 
required. Thus, two scans taken at least one year apart to get two volume measurements 
are needed to show a downward direction in volume greater than that seen in normal 
aging. 

15 One feature of the instant patent that provides an improvement over DiCarli and 

the methods developed using the DiCarli approach is the sensitivity to metabolic changes 
over a broad range of specific regions, at one, very early time point. 

The United States Patent 6,490,472 entitled, "MRI system and method for 
producing an index indicative of Alzheimer's disease" by Li, et al. and the related 

20 published manuscript by Li and others (Li et al, Radiology, 225(1):253) used to aid in 
interpretation of the patent document refers to the use of correlations between functional 
MRI time-series from the hippocampus region to generate an index. This index is 
presented as having the potential to be used as a preclinical marker for AD. In Li's 
method, the subject receives an MRI. Two specific pulse sequences are completed: one 

25 collects a high-resolution structural MRI image, the other collects a series of echo-planar 
images (one every 2 seconds) for a total of six minutes, thus a total of 180 scans. The 
"time-series" is simply the intensity value for a single voxel in one scan, looked at over 
time (number of scans). Thus, a time-series in this case would have 180 intensity values. 
This is processed, and cross-correlated with other time-series. Multiple time-series are 

30 collected from a region encompassing the hippocampus, which is determined by drawing 
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the region on the structural MRI, and applying it to the functional MRI scan as a mask. 
All the time-series in the region are cross-correlated, and the mean of those correlation 
coefficients represents an index named the COSLOF index. 

The patent reports a study showing a separation between the COSLOF index of 
AD patients and controls. This is shown in Figure 10 of the patent. However, what isn't 
shown is the large overlap between MCI patients and controls. This is demonstrated in 
Figure 4 of the Li report in Radiology. Despite this large overlap, this pateni and 
supporting work is still represented as a means to detect AD preclinically. The Li studies 
provide a COSLOF index of 1.9 as being the cutoff point for distinguishing AD. One 
supposition from this is that serial measurements will be required to measure change over 
time, since initially there may be no difference between an MCI subject and a control. One 
would predict that those not destined to get dementia would not have a declining 
COSLOF index, while the index of those that were so destined would decline. 

In summary, the Li patent uses MRI to obtain measurements of blood oxygen level 
dependent (BOLD) effects. The ROI's are defined by a structurally-defined location in the 
hippocampus. Li's method determines the presence of disease using the COSLOF index 
based on connectivity, and monitors disease progression by following decreases in the 
index based on lower functional connectivity. The method may be useful to determine 
connectivity in the hippocampus as of means for detecting AD and perhaps MCI but may 
not be able to fully discriminate MCI cases. 

One interesting feature mentioned in the Li manuscript is the concept of 
compensatory brain activity. This refers to the phenomenon wherein activity in other brain 
regions may change in a manner which is compensatory to the activity changes resulting 
directly from developing pathology. This may be the reason for the increased metabolic 
activity seen in the cerebellum, pons, and motor cortex in subjects with MCI observed in 
the research forming the foundation of the instant invention. Defining which regions are 
primarily affected and secondanly (compensatorily) affected presents some difficulty. The 
posterior cingulate cortex often has the most sensitive decreased metabolism due to its 
innervation from the hippocampal area. It is suggested that improvements to the index 
taught in Li could be improved by examining functional connectivity between the 
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hippocampus and other structures. 

The method taught in Li is restricted to the medial temporal lobe in AD patients. 
The findings do not extend to MCI. The method could be greatly improved by obtaining 
data from MCI patients, performing resting state fMRI, and doing connectivity analysis to 
compare and contrast various specific regions. 

In contrast to the Li patent, the instant invention is based on PET measurements of 
glucose metabolism. The three dimensional VOI's are based, as described previously on 
spheres with 5mm radii at locations defined by SPM maxima. Disease is determined by 
searching for differences in the CDT values. Disease progression may be monitored by 
observing changes in metabolism. The method in the instant patent is useful for detection 
of MCI as a leading indicator of AD, and other disorders that cause specific regional 
patterns of metabolic change and which can be verified by calculating changes in the CDI. 

United States Patent 6,430,430 entitled, "Method and System for knowledge 
guided hyperintensity detection and volumetric measurement" by Karen Gosche relates to 
the use of MRJ for the automated segmentation and volumetric measurement of white 
matter hyper-intensities, typically seen in Multiple Sclerosis (MS). Regions are defined by 
histogram intensity threshold-defined structures This patent bears a great deal of 
resemblance to the De Carli patent mentioned above, as it is based on automated 
segmentation and thresholding algorithms. However in this case the segmentation and 
volume measures go beyond individual brain structures and regions and also looks for 
specific and characteristic white-matter lesions found in MS. Because these lesions are 
hyperintense, they can be detected with relative ease by automated image segmenting and 
thresholding methods and their volumes subsequently measured. This could theoretically 
be applied to any such lesion with a significant intensity difference, either naturally or by 
the injection of contrast material to enhance visualization of the lesion, although this does 
not appear to be mentioned in this patent. The method taught in the Gosche patent to 
determine disease presence by searching for differences in volume and/or hyperintensity is 
essentially an extension and refinement of the teaching in the De Carli 5 s patent discussed 
above. The Grosche patent teaches monitoring of disease progression with 
volumetric/intensity changes and could be useful to determine volume of various regions, 
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detection of MS lesions and other disorders, such as AD, that induce volumetric or 
intensity changes. This stands in contrast to the instant patent using PET to measure 
metabolic changes in the previously described VOI's based on a volume radius as small or 
smaller than what might be seen in a MS lesion advanced enough to trigger the Gosche 
patent's hyperintensity threshold. The instant patent determines disease presence by 
identifying differences in CDI values that occur early in the disease progression and 
monitors disease progression by tracking metabolic changes and the concomitant changes 
in the CDI. The contrast of the instant application to the cited patents shows the utility of 
the instant invention's use to detect MCI arising from a broader class of disorders, at an 
earlier stage of development and, subsequently, of greater opportunity for the patient to 
obtain earlier, beneficial intervention. 

United States Patent 6,374,130 entitled, "Methods for tracking the progression of 
Alzheimer's disease identifying treatment using transgenic mice" by Eric Reiman relates to 
the determination of radioactive glucose (FDG) uptake in the posterior cingulate region of 
transgenic mice. These mice have been transfected with a human gene that increases risk 
for AD, and have been treated with various agents which may have potential for treatment 
of AD. The posterior cingulate region in the brain is recognized as a region where 
metabolic changes have a high degree of sensitivity in the detection of AD. Mice have 
metabolic decline in this area related to the onset of pathophysiological changes brought 
on by the transfected gene. This then becomes a model for the detection of agents that 
have the potential to treat AD, in that an agent which prevents or slows down the 
metabolic decline in the posterior cingulate region may prevent or slow down AD. Said 
agent could therefore be used in clinical trials in humans. 

In summary, the Reiman patent teaches a use of autoradiography to measure 
glucose metabolism in the posterior cingulate region of the mouse brain. Disease presence 
is determined by assessing metabolic decline. The method taught in the Reiman patent 
may be used to monitor disease progression upon observation of glucose metabolism 
changes in the posterior cingulate region. This model may be useful for assessing efficacy 
of potential therapeutic agents applied to treat AD or other conditions. 

In contrast, the instant patent utilizes PET measurements of glucose metabolism in 
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a plurality of three-dimensional volumes determined by SPM maxima-defined locations. 
The SPM techniques are thus applied more broadly and reveal those volumes exhibiting 
the greatest intensity change. The method in the instant patent is not restricted to only one 
region as is the Reiman patent. The method taught in the instant patent may be used to 
5 monitor disease progression by searching for differences in CDI values. These changes, 
subtle in the onset of disease, are detected at an earlier stage in humans and may be 
correlated with psychological and other tests of mental acuity. The methods of the instant 
patent are, therefore, useful for detecting the changes in MCI resulting from the onset of 
AD, other degenerative diseases or injury to the brain. While the posterior cingulate 

10 region is one of the most sensitive to the degradative onslaught of AD or similar diseases, 
it is not the only region that shows change. Further, the instant method may be applied to 
determine MCI in closed head injury causing trauma to other regions of the brain than are 
customarily investigated in degenerative disease. Given the variation in the human 
population, the SPM overlay used to identify regions of maximal change is clearly 

15 superior. 

The United States Patent 5,632,276 and its continuation, United States Patent 
5,873,823 entitled, "Markers for use in screening patients for nervous system dysfunction 
and a method and apparatus for using same" by David Eidelberg, et al. address the use of 
PET measurements of glucose metabolism in Parkinson's disease (PD). The patents recite 
20 possible application of the methods in AD, but include no description of any work done 
with patients suffering from AD. These patents teach use of a Scaled Sub-profile Model 
(SSM) 

Patents 5,873,823 and 5,632,276 (with the below cited references, collectively, 
Eidelberg) describe how PET brain image data is obtained and stored digitally on a 

25 computer. The image is transformed into standardized stereotactic space by what is 
described as a "resizing and reorienting" procedure. The processed image is then spatially 
filtered. Patient scan images are then sampled in various regions, and these sampled data 
are entered into an analysis. The analysis generates a "patient profile", which purportedly 
can be used to diagnose and discriminate this patient from other patient populations. The 

30 pattern of metabolic covariance (a subtype of factor analysis of variance, or FANOVA) 



BIOD,002:PATENT APPLICATION 



Page 11 of 57 



within those regions is used to predict or indicate the presence or absence of PD. 
Reported sensitivity for this method is 75 - 95 percent. (Eidelberg et al., Early differential 
diagnosis of Parkinson's disease with 1 8F-fluorodeoxyglucose and positron emission 
tomography, Neurology, 45(1 1): 1995-2004 (1995), Eidelberg et al., Assessment of 
5 disease severity in parkinsonism with 1 8F-fluorodeoxyglucose and PET, J. Nucl. Med. 
36(3):378-83, (1995). 

There are several major significant differences between the method described in 
the 5,873,823 and 5,632,276 patents and the instant patent. A brief comparison of these 
differences is presented. 

10 Eidelberg and the instant patent both use FDG PET scans Both involve collecting 

PET brain image data, digitizing the images, and storing digitized images on a computer. 
In terms of processing of the images, both similarly use the spatial filtering methods well 
known in the art. Both sample data from various regions in the brain, and calculate a 
number(s) based on the sampled data. Both use the results to predict or diagnose 

15 neuropsychiatry illnesses. 

The differences between Eidelberg and the instant invention begin with the very 
application of the PET scan processing. The actual steps used in the generation of an 
FDG PET brain image are complex. Image data can be collected in 2D mode or 3D mode, 
reconstruction can be one of several major different types, and attenuation can be one of 

20 several types as well. Attenuation correction is very important as the signal change 
through the depth of the brain can be affected, and hence signal-to-noise can be altered. 
The instant patent is based on data showing that both reconstruction and attenuation 
correction algorithms affect the sensitivity of the CDI. No mention of any image 
collection, reconstruction, or attenuation correction routines is made in the Eidelberg 

25 patents. Further, standardization of an image in 3D space can be done in a number of 
ways. There are three axes, and at least four linear warps that can take place along those 
axes (translation, rotation, scale, and shear). Typical routines use a least squares approach 
that minimizes the difference between a parent image and a target image with 12 
parameters, and this is the method used in the instant patent. The "resized and reoriented" 

30 processing is not well defined in the Eidelberg patents. Resizing could mean scaling, or 
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it could simply mean removing extraneous space outside the brain image, and translating 
the image to a central standard location in the image space. Reorienting refers to rotation 
along the three axes. Thus, it may be inferred that the Eidelberg patents likely refer to a 6- 
parameter transformation, but at most, 9-parameters. This step is important as the 
5 definition of volumes of interest for the CDI are based on spatially standardized (12- 
parameter) images, not just coregistered (6-parameter) images. 

In considering the differences between Eidelberg and the instant invention in data 
sampling from volumes of interest, it is unclear exactly which brain regions the data is 
sampled from in Eidelberg. Regions described in the earlier published literature of 

10 Eidelberg do not appear to be 1 cm diameter spheres, and thus it is unclear whether these 
are the same regions or not, and they still are not clearly defined as to location. Regions 
used in the present work are clearly defined, and based on the results from objective 
statistical analyses as being the most significantly different across the group analysis. 

The mathematical methodology that creates the profiles in Eidelberg is completely 

15 different than the one used in the creation of the CDI as taught in the instant patent. The 
CDI, as explained below, is a simple formula, but a prerequisite is weighting of the VOI's 
based on a frequency analysis, as described herein. As seen in the description of the instant 
invention below, the formula is defined as a ratio of the mean of four regions identified 
with increased metabolism to the mean of nine regions with decreased metabolism, and 

20 combined with standardizing the group grand mean to a value of one with a scale factor 
(normalization). While the calculation of the weights for the portions of the Cognitive 
Decline Index (CDI) has some slight similarity to the way that an artificial neural network 
is created and trained, there is essentially nothing about the two mathematical algorithms 
that is similar. 

25 Clinically, the CDI is a marker that can be used to predict AD. The marker/method 

described in Eidelberg relates to the detection and diagnoses of multiple disease states, 
including both PD and AD. While it may be possible at some point in time to alter the CDI 
taught by the instant invention to be predictive of PD, one of the underlying differences 
between these two methods is that the SPM analysis provides loci that are specific for 

30 MCI, and thus the loci sampled as used in the CDI are specific for MCI and AD. 
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For diagnoses of PD, an SPM analysis of patients with PD compared to control would 
have to be completed. While the same method as used for CDI may be very accurate and 
sensitive for the detection of PD, the current methodology is not directly translatable to 
that disorder. 

5 Eidelberg uses ROFs from regions not completely defined in the Eidelberg patents. 

The instant invention uses VOIs based on SPM maxima-defined locations as the center of 
1 cm diameter spherical (0.5 cm3) volumes. Eidelberg determines the presence of disease 
by assessing abnormal SSM values. The instant invention determines the presence of 
disease by assessing abnormal CDI values. The Eidelberg method could be utilized to 

10 monitor disease progression by observing SSM value changes. The instant invention 
enables monitoring of the progression of disease by following CDI changes based on 
changes in metabolism. Eidelberg may be useful for detection of PD, and perhaps other 
disorders that may cause specific patterns of metabolic change. The instant invention may 
be used to detect disorders that may cause specific regional patterns of metabolic change 

15 including AD, PD, alcoholism, drug abuse, and closed head injury 

The United States Patent 5,434,050, entitled, "Labeled beta-amyloid peptide and 
methods of screening for Alzheimer's disease," by John Maggio et al. (Maggio) deals with 
the use of a beta-amyloid peptide fragment as a label of diseased tissue. Maggio covers 
both in vitro and in vivo use, although all the examples are in vitro. Samples of tissue 

20 which are diseased (containing amyloid plaques) will bind the peptide fragment due to the 
self-binding/polymerizing nature of amyloid in plaque formation. This property is 
leveraged in the ability of the peptide to label plaques in a given tissue. Maggio covers 
radio-labeled peptides, as well as a plurality of other labeling methods. While PET is 
mentioned as a potential means of detection of radio-labeled peptide binding in vivo, no 

25 discussion or description of how this could be carried out is given. Maggio does not 
address the potential problem of the failure of the peptide to pass across the blood-brain 
barrier. 

Where the instant invention utilizes PET, Maggio teaches the use of multiple 
labeling methods of the beta-amyloid peptide. The instant invention is based on defining 
30 volumes of brain tissue to be examined based on metabolic activity observed in specific 



BIOD,002:PATENT APPLICATION 



Page 14 of 57 



volumes indicated by statistical analysis (SPM) whereas Maggio does not teach the use of 
any specific region. The method of the instant invention may be used to determine the 
presence of disease by searching for differences the mathematically derived CDI. The 
method in Maggio determines the presence of disease in vitro by assessing amyloid binding 
5 obtained from brain tissue examined for amyloid plaques. The instant invention does not 
depend on brain biopsies. 

The United States Patent 5,109,868 entitled, "Method for diagnosing senile 
dementia of the Alzheimer's type," by Anthony Smith et al, teaches use of both structural 
(CT or MRI) and functional (SPECT) imaging methods in detecting/diagnosing AD. It 

10 uses a measure of width of the medial temporal lobe nearest to the brainstem as a marker 
for disease presence, defined in three different ways: 25% less than average thickness of 
controls, ratio of 0.75:1 (patient/controls), and/or 11.5 mm or less in size. Smith further 
teaches use of this measure as a marker is a cerebral blood flow deficit in the temporal- 
parietal cortex. This was based on a subjective clinical evaluation done by a nuclear 

15 medicine physician, grading the SPECT scans from 0 (no obvious lesion) to 3 (severe 
perfusion deficit crossing the cortical rim). These are rather primitive measures by today's 
standards. SPECT is still more commonly used than PET for detection of AD, mainly due 
to cost. However it should be noted that this study is for the detection of AD, not MCI. 
These markers are unlikely to indicate any change in MCI. 

20 Much has changed in the intervening fourteen years between issuance of Smith in 

1992 and the present. The basic methodology taught in Smith lacks objectivity, and 
requires arbitrary location of regions to make measurements. The use of the two methods 
taught in Smith to better assess disease are useful and have been employed in the art. 

In summary, the methods in the Smith patent utilize CT/MRI and SPECT in 

25 contrast to the PET of the instant patent. Smith teaches measurements of structure- 
width of the medial temporal lobe nearest to the brainstem (CT/MRI) and cerebral blood 
flow (SPECT) as opposed to the measurements of metabolism of the instant patent. The 
single region for CT in Smith is based on a defined anatomical location (posterior medial 
temporal lobe) and the general locale of the temporal-parietal cortex (SPECT). The 

30 instant invention is derived from specific locations defined by SPM. Smith teaches the 
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determination of AD by assessing decreased width of the medial temporal lobe nearest to 
the brainstem and decreased perfusion. The method in the instant invention contemplates 
determination of degenerative diseases or injury by searching for differences in CDI values 
and is not restricted to AD. The methods taught by Smith have the potential to monitor 
5 the later stages of AD progression by observing decline in both measures. The CDI 
described in the instant invention monitors progression of disease based on the change in 
the CDI which is likely to discern the existence of AD or other degenerative disease at an 
earlier stage of development. 

The United States Patent 5,617,861 entitled, "Magnetic resonance spectral 

10 analysis of the brain for diagnosis of clinical conditions," by Ross, et al. refers to 
measurement of brain metabolites using nuclear magnetic resonance spectroscopy (MRS). 
Both MRS and MRI are performed with the same hardware. Different software 
components are used to achieve the separate results. The spectra involved consist of a 
series of peaks, as represented in Ross, which represent various chemicals: creatinine, N- 

15 acetyl aspartate, myo-inositol, and some others. These chemicals are metabolites of cell 
function. The essential feature of MRS to understand is that these peaks change in various 
ways with various disease states. To measure changes in these metabolites, one begins by 
identifying a particular volume element (voxel) on the brain image, and utilizes the 
software to collect data from that region. A voxel as defined for MRS is quite different 

20 than a voxel (elemental volume element in a 3D image) used elsewhere. The MRS voxel is 
essentially a region of interest. This typically encompasses 10 cm 3 , a rather large volume 
of brain tissue. The size of the voxel is directly related to the amount of time the subject 
being tested must be scanned to obtain spectra of a given quality. 

Developments in the art following Ross recite use of Ross' methods. However, it 

25 appears that the structurally based or morphometric approaches reviewed above develop 
more sensitivity in actually indicating MCI. 

In contrast to the method ot the instant invention measuring glucose metabolism, 
the Ross method teaches measurement of specific brain metabolites, myo-inositol, creatine 
and N-acetylaspartate. In Ross, the volume in which the metabolites are measured may be 

30 as large as 10 cm 3 in the medial temporal lobe or the posterior cingulate region. This is in 
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contrast to a volume of 0.51 cm 3 in SPM maxima-defined locations in the instant patent. 
The larger volume in Ross is required by the mechanics of the measurement process rather 
than by the localization of precisely where in the region being examined the degenerative 
process causing cognitive decline occurs. In fact, the use of the larger volume in Ross, 
5 while it may include the diseased region, tends to diminish the sensitivity of the technique 
because the values of the metabolite changes in the diseased region are averaged in with 
the more normal values obtained over the remainder of the voxel. 

The method taught in Ross was used to evaluate only several, subjectively chosen 
regions of the cortex. The data used to substantiate the Ross method shows a significant 
10 degree of overlap in values between the subject determined to have MCI and control 
populations. 

For the foregoing reasons, there is a need for a non-invasive, early stage method to 
obtain quantitative measures of mild cognitive impairment useful in diagnosing and 
following degenerative brain disease or closed head injuries. The methods taught herein 
15 address this need by using in situ analysis of glucose metabolism in the brain using 
positron emission tomography, analyzing and transforming the image data and using the 
data to construct a cognitive decline index (GDI) measure mild cognitive impairment 
(MCI) indicative of the consequence of degenerative brain diseases or traumatic, closed 
head injuries. 

20 Additional commentary regarding these and other studies is provided in the 

Detailed Description of the Invention below that incorporates more detailed references the 
teachings of the instant invention. 

SUMMARY OF THE INVENTION 

Clinical diagnosis of degenerative brain diseases such as Alzheimer's Disease, 
25 Parkinson's Disease and related disorders is currently imprecise. There have been, to 
date, no biochemical indicia that relate early stage deterioration and accompanying 
cognitive impairment and which can be used to identify these diseases and quantify the 
findings related to treatment. Similarly, head trauma resulting in closed head injury with 
concomitant cognitive impairment lacks quantitative diagnostic methods. 
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This method enables the early detection of Mild Cognitive Impairment, a 
prodrome to Alzheimer's Disease. The methodological components include the specific 
location of the brain volumes of interest (VOIs) along with specific weighting factors 
derived from comparison of patient data and normal controls, and the creation of the 
5 normalized CDI from the mean weighted VOIs. Spatial normalization and filtering of a 
given image can be coded simply without having to use Matlab or SPM, and a one cm 
diameter spherical VOI at each coordinate can be sampled without the use of Marsbar, as 
these are fairly straightforward mathematical algorithms. Results of an exemplar study 
used to establish the preferred embodiment of the instant invention are presented here in a 

10 group comparison format, but the methodology taught is applicable to develop a CDI for 
and to evaluate a single patient. The preferred embodiment of the instant invention 
comprises a set of software routines that can independently provide a CDI value for an 
appropriately processed FDG PET scan of a patient's brain. In addition to these 
considerations, the high sensitivity of the CDI enables its use as a screening tool for the 

15 early detection of a variety of cognitive disorders. 

Data from experiments performed to develop the instant invention show that 
analyses of groups of premorbid individuals can be discriminated from groups of normal 
controls To date, there is no reliable method of detecting MCI in the early stages, at the 
clinical level, in individual patients. The development of the methods taught in the instant 

20 invention are overdue for clinical use to put this early detection capability into the hands of 
clinicians. Detection of the degenerative processes in premorbid or very early stages of 
brain degenerative disease, drug abuse or immediately following brain injury would enable 
the early treatment with medication to enhance and prolong quality of life, to provide an 
answer to the patients' questions regarding their potential for cognitive decline, to help 

25 them plan and prepare for the future, and hopefully one day, to prevent these diseases 
altogether or provide increasingly effective rehabilitative measures for injury. 

It is therefore the object of the invention to address the need for a non-invasive, 
early stage method to obtain quantitative measures of mild cognitive impairment useful in 
diagnosing and following degenerative brain disease or closed head injuries by utilizing the 

30 image data from individual patient positron emission tomographic scans to construct 
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a cognitive decline index which can serve as a diagnostic and screening tool to reveal the 
onset of mild cognitive impairment and nervous system dysfunction which are sequelae of 
degenerative brain diseases and closed head injury. 

It is a further object of the invention to provide a method for determining the 
5 severity of said brain diseases or injuries. 

It is a further object of the invention to use successive measurements over a period 
of time to track the progression of degenerative brain disease in individual patients. 

Still another object of the invention is to provide a method for producing an index 
indicative of brain disease comprising the steps of collecting positron emission 
10 tomographic image data showing metabolic activity in the brain of a patient, spatially 
normalizing said image data using a standardized three dimensional coordinate system, and 
spatially filtering the normalized image data. Specific regions of the brain showing 
extremes in metabolic activity are selected and mean intensity values are collected for the 
normalized, filtered image data from said selected specific brain regions. The mean 
15 intensity values are weighted with standard weights derived from the group analysis used 
to create the standard and the ratio of the mean, weighted, metabolic activity image data 
are normalized to produce a numerical index. 

It is a further object of the invention to assemble and maintain a data base of 
findings from individual patients which can provide reference points for comparison in the 
20 ongoing effort to understand and treat these diseases and conditions. 

It is a further object of the invention to monitor the effect of treatment of brain 
diseases and injury to quantify the effect of said treatment in ameliorating the disease or 
injury. 

In one embodiment of the invention, the method may be used for diagnosing 
25 Alzheimer's Disease at an early stage by measuring functional activity in a patient's brain 
and using the method to quantify mild cognitive impairment by constructing a cognitive 
decline index. The CDI may be correlated with other measures of mental acuity. 

In another embodiment of the invention, the method may be used for diagnosing 
Parkinson's Disease by measuring functional activity in a patient's brain and using the 
30 method to quantify mild cognitive impairment by constructing a cognitive decline index. 
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The CDI may be correlated with other measures of mental acuity. 

In another embodiment of the invention, the method may be used for determining 
the severity of cognitive impairment by measuring functional activity in a patient's brain, 
using the method of the instant invention to construct a cognitive decline index and 
5 correlating the index with other measures of mental acuity. 

These and other features and advantages of embodiments of the instant invention 
will become better understood with reference to the following description, appended 
claims and accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 FIG. 1 is a flow chart of the steps utilized in composing a database of normal 

control subjects and selection of patients for the application of the Cognitive Decline 
Index (CDI) 

FIGS. 2 A, 2B, and 2C are flow charts of the steps required to practice the 
preferred embodiment of the instant invention. 

15 FIG. 3 shows FDG PET scans of a normal subject control subject and a patient 

with Alzheimer's disease depicting enlarged regions of hypo-metabolism in the bilateral 
parietal and posterior cingulate region in the patient's brain as well as a more prominent 
motor strip as compared with the normal subject. 

FIG. 4 depicts Statistical Parametric Mapping (SPM) results showing decreases in 

20 brain metabolism in patients with early cognitive impairment compared to controls in a 
group analysis. Results are displayed in neurological orientation (images left is subject's 
left). The top left display is a maximum-intensity projection (MLP) image, AKA "glass- 
brain" image. This display shows all the voxels that were significant at the threshold 
chosen for display. For the purposes of this display, that threshold was fixed at a T of 2.5, 

25 and cluster size of 50 voxels. The upper-right shows the design matrix for the SPM 
compare-groups analysis. Below that are the read-outs for coordinates, cluster-level, and 
voxel-level statistics. The most stringent is voxel-level (corrected), and the most relaxed is 
voxel-level (uncorrected). Below that are some descriptive parameters for the statistical 
analysis, and below that is another table of coordinates from the large cluster in the left 

30 parietotemporal area. The main readout from the results (the table above) will only report 
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the three main foci in a blob. If there is a large blob, as is the case with the one in question, 
it is possible to get a printout of all the maxima in that blob, as was done here. 

FIG. 5 depicts SPM results showing increases in brain metabolism in patients with 
early cognitive impairment. 

FIGS. 6 A and 6B depict a cross-section (a) and 3D rendering (b) of regions of 
metabolic decrease in brain metabolism in patients with mild cognitive impairment 
compared to the subset of normal controls. The numeric color scale represents the 
SPM(t) values. 

FIGS. 7A and 7B depicts a cross-section (a) and 3D rendering (b) of regions of 
metabolic increase in brain metabolism in patients with mild cognitive impairment 
compared to normal controls. The numeric color scale represents the SPM(t) values. 

FIG. 8 shows (a) a frontal, (b) lateral and (c) coronal views of the images from a 
FDGPET scan with the size and location of a volume of interest (VOI) superimposed. 

FIG. 9 displays results for the CDIj across four groups of subjects (controls, mild 
cognitive impairment patients from a pilot study, mild cognitive impairment patients 
identified retrospectively and Alzheimer's patients identified retrospectively) in the 
experiment reported in reducing the preferred embodiment of the instant invention to 
practice. 

FIG. 10 shows the correlation of age vs. the CDIj for the four groups of subjects 
recited in FIG. 9. 

FIG. 1 1 shows the separation obtained when using externally determined weights 
and examining only the MCI patients and older controls. 

FIG. 12 shows the distinct separation obtained when comparing MCI patients to 
older controls using externally determined weights as they relate to age. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The data, analysis, calculations and procedures forming the preferred embodiment 
were produced in studies of four groups of patients: 

1 . Control subjects from the normal control database, 

2. Patients identified retrospectively with early cognitive decline who 
received negative PET workups, 
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3. Patients identified retrospectively with cognitive decline and with 
the pathognomonic changes of AD present on PET imaging, 

4. Patients with MCI from the pilot study. 

The data and statistics used as exemplars in the figures and tables are taken from these 
5 studies. 

Referring first to FIG. 1, a database 10 is compiled for normal control subjects. 
The database of FDG brain scans from healthy control subjects was created to enable the 
objective examination of a variety of patients who presented for clinical evaluation of 
cerebral pathology. These subjects are physically examined and screened for neurological 

10 and psychiatric illness. Entry into the data base requires that subjects have normal or 
unremarkable MRI scans as well as negative cognitive tests on Folstein Mini Mental 
Status Examination (MMSE) > 28 (Folstein et al., 1975). The control subjects' data from 
FDG PET normal brain scans is validated by comparison with patients with cerebral 
lesions. The normal control subject database is then used for statistical comparison in the 

15 . method described as part of the instant invention. 

Referring to FIG. 1, patients are selected and screened 20. Patients are 
categorized by the symptoms and history presented at examination. There are four 
categories: 101 memory complaints, family history of Alzheimer's disease, ApoE4 positive 
or related reasons; 102 history of substance abuse, concern over possible brain damage or 

20 related reasons; 103 history of head injury, cognitive complaints, headaches, blurry vision 
or related reasons; and 104 family history of Parkinson's disease, movement disorder or 
related reasons. Standard Clinical Evaluation is performed on the presenting patient 110 
including physical examination, baseline laboratory tests; computerized tomography or 
Magnetic Resonance Imaging and neuro-psychological testing including the MMSE as 

25 well as the clock-drawing test (Shulman et al., 1986, Kirby et al, 2001) to search for 
memory and visuo-spatial impairments. These tests were chosen based on established 
sensitivity demonstrated in the literature (Petersen et al., 2001, Chen et al., 2001). 

Other causes of cognitive decline are ruled out 115. These include neoplasm, 
endocrine imbalance, infection, nutritional deficiency etc. The patient is referred to the 

30 PET Center for evaluation of Cognitive Decline Index 1 20. 
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Referring to FIG. 2a, the CDI is designed to work with FDG PET brain scans 
obtained from a patient in standard clinical fashion. Standard clinical FDG PET scanning 
procedures were employed. Patients are injected with 10 mCi of FDG through a 
peripheral intravenous line. 200 The patient rests quietly in a darkened room with eyes and 
5 ears open for one hour for tracer uptake before scanning is begun. Control subjects were 
injected with 5 mCi 205 to decrease radioactive exposure, and the scan time for the 
emission scan is subsequently increased to 20 min. 213 to obtain equivalent counts. 

Scanning is carried out on a GE Advance PET scanner in 2D mode with septa in 
place for all scans as at step 210. A 10-minute emission scan is obtained 211 (20 min for 

10 controls 213), as well as a 5-min transmission scan 21 1, 214. CDI sensitivity changes with 
variation in processing methods, and is optimized using reconstruction based on ordered 
subset expectation maximization (OSEM) 215 and segmented transmission scan 
attenuation correction (SAC) 220. In addition to standard clinical processing, a z-axis 
filtering step is added here as well 225, to improve attenuation correction in the cerebrum 

15 and cerebellum on the base of the brain, images are then reformatted for clinical evaluation 
on the GE Advance Workstation (Sun™ Ultra 60) 230, and a copy prepared for Export to 
the research workstation for use with SPM 235 (Friston et al, 1995a,b). 

On the research workstation, scans are converted to Analyze 7.5 ™ (Analyze 
Direct, Lenexa, KS) format 240. Initial image voxel resolution was 3.5 x 3.5 x 4.5 mm. 

20 These images are then further processed and analyzed with SPM99 (SPM, Friston et al, 
1995a) implemented in Matlab (Mathworks, Natick, MA) 245. 

Facility in management of the image data is achieved by utilizing the Digital 
Imaging and Communication in Medicine (DICOM) format. 250 (see, 
http://medical.nema.org). The (DICOM) standard was created by the National Electrical 

25 Manufacturers Association (NEMA) to aid the distribution and viewing of medical images, 
such as CT scans, MRJs, and ultrasound. Additionally, the image data may be further 
conditioned to enable data management on particular work stations. 260 and 265 

Once the image is loaded into SPM, it is spatially transformed based on a brain 
template into the standardized 3D space developed by the Montreal Neurological Institute 

30 (MNI). 270 There is a large amount of normal variation in size and shape of the human 
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brain and standardization is necessary to compare patients to the normal controls as well 
as achieving comparability between patients for the patient database. The standardization 
system and its resulting coordinate space is known as Talairach space, and has been 
previously described (Talairach and Tournoux, 1988). Coordinates are transformed using 
5 mni2tal (Matthew Brett's mni2tal.m can be found at http://www.mrc- 
cbu . cam. ac. uk/Imaging/mnispace. html) . 

The method for standardization of image data to this space (spatial normalization) 
involves the use of twelve-parameter linear affine mathematical routines to translate, 
rotate, scale, and shear the image along the X, Y, and Z axes (4 actions x 3 axes = 12 

10 parameters). A template brain scan is used as a standard, and the brain scan being 
normalized is matched as closely as possible to the template in shape, size, and space. This 
has been well described previously (Friston et al, 1995a). Briefly, the brain image data is 
moved (translated) to the center of the image, twisted to match the orientation of the 
template (rotation), and scaled to best match the size of the template. The fourth step 

15 involves shear, such that one plane of the image slides on the next to optimally fit the 
shape of the object image to that of the target (template) image. All four steps are carried 
out along all three axes in 3D space. A final processing step 280 to optimize across- 
subject analyses of PET image data is spatially transformed spatial filtering, also known as 
smoothing. This step increases the signal-to-noise ratio and decreases variance across the 

20 PET image data by removing much of the variability between patients due to differences in 
gyri/sulci patterns. This is necessary to achieve optimal comparability in the patient data 
base. The optimal smoothing level is generally agreed in the art to be approximately 1.5 to 
2 times the full-width half-maximum parameter of the scanner, considered to be the spatial 
resolution. For this research, the GE Advance scanner has a resolution of approximately 

25 3.5mm x 3.5mm x 4.5mm. Spatial filtering with a Gaussian kernel (the standard method) 
also renders the data amenable to analysis via methods incorporating the theory of 
Gaussian fields, which is important for the majority of the statistical routines used by the 
SPM software package. 

The PET scanner measures the energy from positron emission, and an image of 

30 brain function is created for the entire brain. An example is shown in Figure 3, with the 
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image in the top panel (a.) from a 65 year-old normal subject, and (b.) is an FDG brain 
image from a 67 year-old patient with probable Alzheimer's dementia. This pattern is 
pathognomonic of AD. However the gold standard is still brain biopsy, with tissue 
diagnosis based on amyloid plaques and neurofibrillary tangles. It is notable that often the 
5 FDG brain scans from patients with MCI appear normal, just like the scan in (a.), even to 
the well-trained nuclear medicine physician's eye. Thus, these scans are read clinically 
(subjectively) as not consistent with MCI or AD. Radiological evaluation of the MRI is 
even less sensitive, and often patients with moderate AD, like the one in (b.) still have 
normal or clinically unremarkable MRIs. 

10 The two brain scans in FIG. 3a and 3b are examples of scans that have been 

spatially normalized. This spatial transformation can be problematic in images that have 
large lesions or severe atrophy, however in patients with lesions too subtle to detect 
clinically and/or mild atrophy there is very little error. Nevertheless, all brain images were 
inspected visually post-normalization to assess the quality of the transformation. One 

15 notable change from the standard is that all images were interpolated into the template 
spatial bounding box, instead of the standard bounding box. The template boundaries 
include the entire brain including the cerebellum, while the standard one cuts out the 
majority of this important brain component. After the spatial transformation, further 
residual inter-subject differences (due mainly to variation in patterns of gyri and sulci) 

20 were minimized by smoothing with a Gaussian filter kernel (8 mm isotropic). This also 
serves the purpose of ensuring the data are normally distributed; hence Gaussian Field 
theory can be applied in the analysis of the images (see below). No partial volume 
correction was carried out for any scans in either group, and there were some scans in 
both groups with mild generalized atrophy. A previous study examines partial volume 

25 correction as a means to correct for the effects of atrophy on the PET metabolic data 
(Meltzer et al, 1996). However, we felt this was unnecessary as there were very few 
subjects with clinically detectable atrophy, the atrophy present was mild, and there were 
both MCI patients and controls with mild atrophy. Further, another report finds that 
atrophy does not play a major role in PET metabolic data (Ibanez et al, 1998). Final image 
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voxel size was 2x2x2 mm. These spatially normalized and smoothed images were then 
used in the SPM analyses to determine regions of significant difference in metabolism 
between the controls and patients. 

Referring again to FIG. 2b, the patient data is compared to controls of a similar 
5 age range 300 to identify extrema in the increases and decreases in metabolic activity 310. 
The group analysis was carried out in SPM. SPM is a software package designed for the 
processing and analysis of brain images. The mathematical requirements for the analyses of 
3D images involve application of the General Linear Model and Gaussian Field Theory 
(Friston et al, 1995b; Worsley et al, 1995). The compare-groups statistical model is used 

10 in this analysis to produce a SPM(t) statistical map 320. This is then converted to the unit 
normal distribution Z score 330. Clusters with significant increased or decreased metabolic 
activity are then identified 340. A significance threshold uncorrected for multiple 
comparisons is used. This is supported by previous reports in the literature which indicated 
similar patterns of activity (De Leon et al, 2001; Reiman et al, 2001; Small et al, 2000) 

15 and by the analysis showing that many of the brain regions under examination were 
identified a priori as being likely regions to have decreased metabolism. This analysis 
enables identification of brain regions for use in creation of the CDL The locations of 
significant points of interest are determined from the SPM results 350 (see Figures 4 and 
5 for examples of the features providing these results). This printout of SPM results lists 

20 all maxima greater than 8mm apart. Coordinates from the main foci are used in the 
creation of VOIs 360 for the calculation of the CDI (see below). Figures 6 and 7 show the 
maps of significant differences overlaid on canonical brain images, in both cross-sectional 
(a) and 3D rendered (b) views. Figure 6 shows regions of decreased metabolism, and 
Figure 7 shows regions of increased metabolism. 

25 Specific loci from this analysis are used as centers for 3-D, 1 cm diameter spherical 

(VOIs) created with the MARSBAR™ plug-in (Bret et al, 2002) for SPM 370. This size 
VOI is selected because it approximates the spatial resolution of the data post-smoothing. 
Those skilled in the art will recognize, however, that other volumes may be appropriate 
for use as the volume of interest depending upon such factors as scanner resolution, 

30 patient tolerance of radio ligand, refinement of the statistical methods, size of both patient 
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and normal subject database (the latter for comparison purposes as set out below), 
suspected disease/impairment, and other applicable factors. The intensity of each of the 
voxels within the spherical VOI is read and the average is obtained 380. Raw data 
uncorrected for global intensity differences are used, since a ratio created from these data 
5 intrinsically corrects for differences across subjects. 

In the studies used to reduce the preferred embodiment to practice, mean image 
intensity values were collected from 13 regions for each subject. These regions are 
composed of areas that showed either increased metabolism (cerebellum, pons, 
sensorimotor) or decreased metabolism (temporal lobe, hippocampus, parietal lobe, frontal 

10 lobe, posterior cingulate). Two steps for determination of weights for each VOI are used. 
The first set of weights for each VOI are based on the frequency of abnormality of the 
VOI data from all the study patients as compared to all controls, with higher weights 
applied for increasing frequency 390. The CDI calculated with these weights is designated 
CDIi. These weights are then used as a baseline for calculation of a second CDI (CDI 2 ) 

15 involving iterative optimization of each weight to maximally separate the patient from the 
controls according to observer criteria 395, For both CDl! and CDI 2 steps, the global 
mean of the weighted control group VOI ratio is normalized to a value of 1, and this 
normalization factor then universally applied. The resulting, mean, weighted, normalized 
VOI ratio forms the CDI. 

20 Once CDI values were obtained for each patient in the exemplar study, the normal 

distribution of the data was established with a Kolmogorov-Smirnov statistic. Groups 
were analyzed for significant differences with analysis of variance, and the confidence level 
was determined for each group. Two-tailed t-tests were applied to establish the significant 
differences between the groups of subjects. The analysis performed in the exemplar study 

25 determined weights for each VOI. With the method completed and validated, the weights 
thus produced are used for each new patient that presents. 

The MARSBAR™ SPM toolbox is a plug-in type program for SPM, and is used 
to create the 3D, one cm diameter, spherical volumes of interest (VOIs) used to sample 
data (Brett et al, 2002). It produces a mean intensity value for the volume elements 

30 (voxels) present within the volume of interest. The voxels are cubes 2 mm on a side after 
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spatial normalization and the spherical VOIs represent a bounded volume containing the 
voxel. A VOI is thus not a perfect sphere. See Figure 8, step 395, for an example of the 
location and representative size of an exemplar VOI. The CDI is derived from 13 VOIs 
located at specific coordinates. These include specific locations in the parietal cortex, 

5 medial and lateral temporal areas, frontal cortex, posterior cingulate cortex, as well as the 
sensorimotor cortex, cerebellum, and pons In the performed study there were initially 
more VOIs from the majority of the maxima presented in the tables from Figures 4 and 5, 
however it was discovered that several of the regions were not necessary. This was 
discovered by iteratively examining the CDI results with fewer and fewer VOIs. The use 

10 of 13 VOIs proved optimal, although 11 worked well too. The sensitivity, as judged by 
the separation of the patients from the control CDIs, dropped somewhat if fewer regions 
were used, and did not appreciably increase if more regions were used. Their exact 
locations in 3D space are given in Table 1 : 



Region 


XYZ 


CDI, 


CDI 2 


Coordinates 


Weights 


Weights 


Increased activity (numerator) 


Rpons 


10-22 -26 


10 


20.1 


L vermis 


-6 -54 -14 


1 


11.6 


R cerebellar nuclei 


14 -38 -34 


7 


18.8 


L sensorimotor 


-16 -24 52 


7 


30 


Decreasec 


activity (denominator) 


L post, cingulate 


-4 -70 30 


13 


5.5 


L frontal 


-26 48 16 


13 


5.7 


L parietal 


-42 -74 36 


10 


4.3 


1 st L temporal 


-56 -44 -20 


4 


4.7 


2 nd L temporal 


-56 -56 16 


8 


1.8 


L med temporal 


-24-12 -28 


1 


1 


R parietal 


54 -66 32 


7 


-2.5 


Basal nucleus 


-6 14 -20 


5 


-4 


L post.hippocampus 


-26 -36 -8 


5 


3 



Table 1 



Weighting factors and coordinates of regions used for development of the CDI 
15 CDIi weights were derived as described in the test from examination of the frequency of 
abnormalities in the patient group, while CDI 2 weights were derived arbitrarily to optimize 
the separation between the two groups. This is why the image must be spatially 
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normalized, to ensure that the VOIs are sampled at exact coordinates determined by the 
SPM analysis to be sensitive to the metabolic changes of MCI, in the same spot in every 
subject. Mean image intensity data was sampled for all 13 VOIs in all subjects. Data for 
each VOI and patient is displayed in MATLAB and saved to a text file for further 

5 processing and analysis. Uncorrected (raw) image intensity data was sampled, because any 
global intensity correction or scaling at this point is unnecessary. This is because a ratio of 
some VOIs to others from the same image will be obtained, and this automatically and 
intrinsically corrects for global inter-subject intensity differences. These VOIs formed the 
raw data for the creation of the CDI. 

10 The VOI ratio without weights has good performance in separating patients from 

controls. This ratio is determined by obtaining the mean, X , of the four VOIs from 
regions with increased metabolism (defined here as Xi through X4), the mean, Y , of the 
nine VOIs from regions with decreased metabolism (Yj through Y 9 ) and dividing the mean 
of increases by the mean of decreases, X IY . The results of this calculation for the above 

15 referenced study are shown in Table 2: 





Controls 


MCI 


AD 


Mean 


0.639 


0.779 


0.928 


SD 


0.034 


0.063 


0.127 


Minimum 


0.577 


0.697 


0.709 


Maximum 


0.713 


0.915 


1.185 


Count 


33 


17 


15 


95% CL 


0.012 


0.032 


0.070 



Table 2 . Results from analysis of VOI ratios, without weighting or normalizing. 
Note overlap between Controls and MCI. 

However, the preferred embodiment is a more sensitive indicator and discriminator. 
The preferred embodiment is obtained by determining and applying weighting factors to 
each VOL Multiple mechanisms were evaluated for determining and assessing appropriate 
weights. In the initial method, weights for each VOI were based on frequency of 
20 abnormality of that VOI across all patients and all controls, with higher weights applied 
for increasing frequency. The CDI calculated with these weights is designated CDI t . For 
the frequency analysis, the un-weighted VOI values are used to generate two VOI ratio 
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datasets. The first dataset is composed of nine VOT ratios formed by dividing the mean of 
the four increases, X , by each of the decreases; namely, R { - X IY i for 1< i < 9. The 
second dataset is composed of 4 VOI ratios formed by dividing each of the increases by 
the mean of the decreases; namely R. = Xj/Y for 1 < j < 4. In the exemplar study, each 

of the 13 VOI ratios for each patient was compared to the controls to assess the degree of 
overlap in the patient vs. controls there was in the data ranges. Separate weights were 
calculated for the numerator and denominator VOIs. For example, for the VOIs from the 
posterior cingulate at [-4, -70, 30], the VOI range for all patients was 0.869-1.895, and 
the control range was 1.988-2.705. For the patients, 29/32 VOIs were outside the range 
for the normal group. The VOI with the lowest number falling outside the normal range 
was at [-24, -12, -28] (left medial temporal), with 17/32. This was set to one by 
subtracting 16, which was also subtracted from all the weights for other VOIs in the 
denominator, thus leaving a range for individual weight values, designated as Wj, from 1 
for left temporal to 13 for posterior cingulate. A similar process was carried out for 
weights for VOIs in the numerator, resulting in individual weights, designated Vj, for both 
components of the ratio, shown in Tables 2 and 3. Once the weights were generated and 
applied, the weighted VOIs were used to calculate the CDI for the study patients. The 
weighted VOI ratio was then normalized, such that the grand mean of the VOI ratios from 
the control group was set to one, and the resulting correction factor was then applied to 
all weighted VOI ratios. The mean, weighted, normalized VOI ratio constitutes the CDIi 
400. 

n m 

CD/ = C, + [X^-V,/« ]/[ JWJJm ] 

7=1 M 

Where, Xj denotes the j th Increased Intensity Value; 

Vj denotes the j* Weight for the Increased Intensity Value; 
Yi denotes the i* Decreased Intensity Value; and 
Wi denotes the X th Weight for the i* Decreased Intensity Value. 
C x is the correction factor used to normalize the dataset. 

The weights have been established with n = 4 and m = 9. Once established, this set of 
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weights is used for each new patient presenting for scanning and diagnosis. 

The set of steps for calculating CDIi are: (1) Import VOI Data Into Spreadsheet 
391; (2) Determine Intensity Range Overlap for each VOI Ratio 392; (3) Create Weights 
for each Intensity Extreme 393; (4) Create Weighted VOI Ratio 394; and (5) Scale and 
5 Normalize Ratio 3 95 . 

Demographic and screening information are presented in Table 3 for the subject 
groups used in the referenced exemplar study. 





N 


F/M 


Age (Mean+/-SD) 


Min 


Max 


Controls 


33 


10/17 


51.2 


17.7 


19 


81 


Old controls 


19 


10/9 


63.9 


9.3 


51 


81 


MCI-pros 


5 


3/2 


73.0 


7.7 


64 


85 


MCI-retro 


12 


6/11 


68.2 


6.4 


52 


76 


AD 


15 


6/9 


66.5 


9.2 


53 


80 



Table 3 



It was not possible in the study to determine the MMSE scores of all patients identified 
retrospectively. The group of older controls was used for the SPM analysis, but all 

10 controls were included in the CDI results for comparative purposes. For the MCI patients 
from the pilot study, the mean MMSE was 25.3 ± 2, and the CDT was 3.3 ± 0.8. For the 
older subset of controls used in the SPM analysis, the mean MMSE was 29.3 ± 0.8, and 
the mean CDT was 3.8 ± 0.4. 

The results of the SPM group analysis of the patients with MCI vs. controls are 

15 shown in Figures 4 and 5. The retrospective and prospective MCI scan datasets were 
pooled for this evaluation. Patients were compared to a subset of controls matched 
for age. Figure 3 shows the regions of decreased cerebral metabolism that were present in 
the group analysis. These included many regions characteristic of that seen in previous 
studies of MCI and AD, including the basal nucleus region, posterior cingulate, bilateral 

20 parietal, several left temporal and hippocampus regions, and left frontal regions were 
found. Figure 4 shows the regions of increased metabolism in patients with MCI. This 
includes regions in bilateral motor areas, cerebellum, pons, and a right parietal area that is 
more medial and superior to the regions found with decreased metabolism. Figures 5 and 6 
show the maps of significant differences overlaid on canonical brain images, in both cross- 
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sectional (a.) and 3D rendered (b.) views. Figure 5 shows regions of decreased 
metabolism, and Figure 6 shows regions of increased metabolism. 

Figure 8 shows an example of one VOI (posterior cingulate). Data was sampled 
for VOIs from all 13 regions to calculate the CDI as described above. A comparison of 
the grouped CDIi values was carried out, and the results are shown in Table 4. 





Controls 


MCI(all) 


AD 


Mean 


1.000 


1.112 


1.224 ! 


SD 


0.027 


0.046 


0.094 


Minimum 


0.949 


1.051 


1.076 


Maximum 


1.042 


1.222 


1.414 


Count 


33 


17 


15 


95% CL 


0.010 


0.024 


0.052 



Table 4 



As it was unclear whether these data were normally distributed, a Kolmogorov-Smirnov 
test was carried out and indicated a normal distribution of the data (Table 5): 



Kolmogorov-Smirnov 


Controls 


MCI-pros 


MCI-retro 


AD 


N 


33 


5 


12 


15 


Mean 


1.000 


1.114 


1.111 


1.223 


SD 


.026 


.048 


.047 


.094 


Absolute 


.096 


.241 


.161 


.082 


Positive 


.059 


.236 


.161 


.074 


Negative 


-.096 


-.241 


-.100 


-.082 


KS Z-score 


.549 


.540 


.558 


.317 


p value (2-tailed) 


.924 


.933 


.915 


1.000 



Table 5 



Tables 6 (ANOVA) and 7 (t-tests between groups) show statistical analyses for significance: 







Groups 


Count 


Sum 


Average 


Variance 






Ctrl 


33 


33 


1.000 


0.001 






MCI-pros 


5 


5.570 


1.114 


0.002 






MCI-retro 


12 


13.333 


1.111 


0.002 






AD 


15 


18.354 


1.224 


0.009 


ANOVA 














Source of Variation 


ss 


df 


MS 


F 


P-value 


Fcrit 


Between Groups 


0.538 


3 


0.179 


60.020 


3.44E-18 


2.755 


Within Groups 


0.182 


61 


0.003 








Total 


0.720 


64 











Table 6 
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frronn t-fpctQ 


Control 


lMCT-nro^ 


Control 

V_- \J1 III \J1 


MCI-retro 


Control 


AD 


IMCI-nroQ 


MCI -retro 


1 VI Cell 1 


1 000 


1 1 14 

1 . 1 1 *T 


1 000 


1111 
1.111 


1 000 


1 994 


1114 
i . i it 


1111 


Variance 


0.001 


0.002 


0.001 


0.002 


1 0.001 


0.009 


0.002 


0.002. 


Oh<;prvatinn q 


33 


5 


33 


12 


33 


15 


5 


12 


Df 


36 




43 




46 




15 




TStat 


7.856 




9.901 




12.653 




0.114 




P(T<=t) two-tail 


2.56E-09 




1.17E-12 




1.379E-16 




0.910563 




T Critical two- 
tail 


2.028 




2.017 




2.013 




2.131 





Table 7 



All patient groups compared to controls were highly significant, but there was no 
difference between patients with early cognitive decline identified retrospectively and 
those obtained from the pilot MCI study. The normal range for this study was 0.949 to 
1.042, (95% CI 0.990 - 1.010). This critical data range is the embodiment of the normal 
5 standard range to which all patient CDI values are compared. The CDIj was successful in 
discriminating 100% of the MCI patients in both the retrospectively and prospectively 
identified groups (range 1.051 - 1.222, 95% CI 1.088 - 1.136), as well as all of probable 
AD patients (range 1.076 - 1.414, 95% CI 1.172 - 1.276). The excellent separation of 
patients with MCI from controls is shown in Figure 9. This graph also shows the results 

10 for the AD group for comparison. The lack of a relationship of the CDI to age is shown in 
Figure 10. There is no correlation with age. 

Additional modifications leading to the improvement of the CDI have been 
investigated using results of the exemplar study. In this effort, the initial weights were 
used as a baseline for calculation of a second CDI (CDI 2 ) involving iterative optimization 

15 of each weight to maximally separate the study patients from the controls in neural- 
network fashion. A dynamic table was created where the results of a change of a given 
weight upon the separation of the groups could be assessed in real-time. Weights were 
iteratively adjusted with the goal to maximize the separation between the control and MCI 
populations while minimizing within-group variance. Using this arbitrary method, the 

20 weights resulting in optimal separation between the two populations were determined, and 
are shown in Tables 8 and 9. 
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Controls 


MCI (all) 


AD 


Mean 


1 .UUU 




? £<o 


SD 


0.671 


1.622 


3.205 


Minimum 


-0.687 


2.976 


2.315 


Maximum 


2.237 


7.376 


13.252 


Count 


33 


17 


15 


95% CL 


0.238 


0.834 


1.775 



Table 8 



Group t-tests 


Controls 


MCI-pros 


Controls 


MCI-retro 


Controls 


AD 


MCI-pros 


MCI-retro 


Mean 


1.000 


5.010 


1.000 


4.432 


1.000 


5.659 


5.010 


4.432 


Variance 


0.451 


3.933 


0.451 


2.255 


0.451 


10.271 


3.933 


2.255 


Observations 


33 


5 


33 


12 


33 


15 


5 


12 


df 


36 




43 




46 




15 




t Stat 


-9.131 




-10.662 




-8.068 




0.660 




P(T<=t) one-tail 


3.33E-11 




5.95E-14 




1.17E-10 




0.260 




t Critical one-tail 


1.688 




1.681 




1.679 




1.753 




P(T<=t) two-tail 


6.66E-11 




1.19E-13 




2.35E-10 




0.519 




t Critical two-tail 


2.028 




2.017 




2.013 




2.131 





Table 9 



Results from the group analysis using CDI 2 are shown in Table 8, and are presented 
graphically in Figures 1 1 and 12. Statistical significance is presented in Table 9. While this 
method of CDI creation does result in the best discrimination of MCI patients from older 
controls, it did not discriminate patients with AD as well as CDIi. 
5 The SPM analysis as discussed above is valuable, but has some significant 

drawbacks. Determination of significance is somewhat arbitrary. The most conservative 
significance level is non-a-priori, based upon the intensity at the single-voxel level, and 
typically requires an SPM(Z) statistic in the 4.5 to 5 range to be determined truly 
significant. The least conservative significance level is based on an a priori hypothesis 

10 about activity in a given region, examines spatial extent or a combination of extent and 
peak height more so than intensity, and can be as low as a Z score of perhaps 2.5. It was 
noted that a characteristic pattern of decreased metabolism could emerge if the 
significance level was set to low levels. This "trend" in characteristic patterns was what 
was seen in several patients with MCI, where there were no obvious clinically defined 

15 lesions. Because of the problematic statistical significance question involved, and because 
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it can be difficult to interpret a pattern of activity, especially in the light of low thresholds, 
it was necessary to create a way of objective examination of the PET brain image data that 
is more definitive and usable on the single patient level. Because analysis of ROIs removes 
the major problem of multiple comparisons and conservative Bonferroni adjustments, this 
5 method was the main focus of further research beyond SPM and led to the methodology 
discussed in the preferred embodiment. 

Using ROIs to examine both semi-quantitative and absolute brain image data was 
once the major methodology in use (and is still quite common), as the voxel-by-voxel 
approach incorporated in SPM is a relatively novel method. Most studies of semi- 

10 quantitative image data intensity normalized the data by dividing a given ROI value by that 
obtained from the pons (e.g., de Santi et al, 2001), the cerebellum (e.g., Cappa et al, 
2001), some other "standard" (presumptively unaffected) region, such as the sensorimotor 
cortex (e.g., Arnaiz et al, 2001), or by an estimate of the global value (de Leon et al, 
2001). It is interesting to note that in the research presented here, the cerebellum, pons, 

15 and sensorimotor area were all found to have increased activity in the SPM analysis when 
patients with MCI were compared to control subjects. All these regions, as outlined 
above, have been used as reference regions in studies of AD, in the belief that they are 
preserved and thus represent normal rates of metabolism. Alternatively, it is possible to 
look at the relationship between two regions on opposite sides of the brain by creating a 

20 ratio, as in the "asymmetry index" (Russel et al, 1997). One of the major problems of ROI 
analysis of functional imaging data (pre-SPM) is that definition of the shape, size, and 
location of the ROI is often subjective and arbitrary. There are many variations on this 
theme extant in the literature. In essence, using ROIs arbitrarily predefine a hypothetical 
lesion. For example, if an ROI 2 cm in size is arbitrarily placed in the temporal lobe to 

25 interrogate for a region of hypometabolism, and is positioned over a portion of a 1 cm 
lesion, then the (averaged) intensity value from the ROI will have increased variance due 
to being the mean of voxels from outside the lesion that are averaged together with voxels 
from within the lesion. The end result may be an ROI value that lacks significance. The 
solution to this problem is to place ROIs in positions where there is known pathology, 

30 e.g., based on the results of an SPM analysis. ROIs have been previously derived from 
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SPM regional maxima (Buchel and Friston, 1997). Thus, the use of ROIs in the instant 
invention, has evolved past the earlier usage. The employment of ROIs in the instant 
invention escapes the major problem inherent in previous of SPM analyses (multiple 
comparisons), and also escapes the main problem historically associated with ROI analysis 
5 of having an arbitrary location in relation to the suspected pathology. 

The CDI was derived by examining the regions found to be significant, or trending 
towards significance in the SPM analysis. All regions used for the CDI were derived from 
the SPM analysis. While it may be possible to obtain an equally valid CDI with more or 
fewer regions, arriving at the 9 regions of decreased metabolism and 4 regions of 

10 increased metabolism was essentially arbitrary. These were the major regions that 
separated out of the SPM analysis of older controls vs. MCI patients. The number of 
regions used was derived selecting SPM-defined regions of maximal difference, and 
determining which of these regions had the highest degree of separation between the two 
groups (frequency analysis). 

15 The CDI of the instant invention is unique because it is constructed using weights 

based upon the frequency of intensity abnormalities found in the 13 regions. Whereas most 
ratios are between one region under examination and another region used as a standard, 
the ratio in the CDI is derived from the mean of four of the weighted ROIs divided by the 
mean of the other nine weighted ROIs. All ROIs are being examined experimentally; there 

20 are none that are arbitrarily chosen as the "standard" region or regions. This use of ROIs 
has not been taught previously in the art. Thus, forming a mean for the numerator and 
denominator is novel, derivation of the weights is novel, and using ROIs from increases 
for the numerator and ROIs from decreases for the denominator is novel. Forming a mean, 
weighted, normalized ratio is thus a unique approach in the detection of MCI. While 

25 several of the regions derived from the SPM analysis are consistent with those reported in 
the literature as being involved in MCI/ AD pathophysiology (e.g., NBM, medial temporal, 
posterior cingulate, superior parietal) several of them, especially regions of increased 
activity, have not previously been reported, and are thus essentially novel to this method. 
Moreover, while there have been anecdotal reports of sensorimotor cortex preservation in 

30 AD (Arnaiz et al, 2001), no one has previously reported increased activity in this region 
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from an SPM analysis, related to MCI. 

It has become apparent from many studies appearing in the functional imaging 
literature that the cerebellum often plays a major role in cognitive as well as it's more well 
known motor functions (Parsons et al, 1997; Rapoport et al, 2000). The neo-cerebellum 
5 has undergone striking parallel evolution with the neo-cortex, particularly in combination 
with the major frontal lobe expansion unique to humans. While the exact function of this 
expanded cerebellum remains to be established, the sheer size and magnitude of the 
corticopontocerebellar connections give a clue to its likely involvement in cognitive 
processes (Leiner et al 1986, 1989). It has been implicated in language processing (Leiner 

10 et al, 1991) and there is anatomical evidence supporting a role for the cerebellum in 
cognition (Middleton and Strick 1994; Schmahmann and Pandya, 1995). Many functional 
neuroimaging studies demonstrate cerebellar involvement in cognitive processes. In 
cognitive activation studies that include the cerebellum, it is common to find increased 
activity in the cerebellum. One of the pioneer studies on the role of cerebellum in cognition 

15 indicated involvement of certain cerebellar regions in processing of sensory information 
rather than fine motor control (Gao et al, 1996). The cerebellum receives cortical afferents 
via the pontine relay nuclei. These afferents have recently been discovered to come from 
more widespread areas of the cortex than was originally thought, and seem to be 
reciprocal (Schmahmann and Pandya, 1997). Thus, a network exists to support 

20 involvement in cognition. Cerebellar lesions have been linked to a cognitive affective 
syndrome (Schmahmann and Sherman, 1998). This report of twenty patients with disease 
confined to the cerebellum found striking cognitive and behavioral deficits including 
difficulties with verbal fluency, working memory, visuospatial organization, personality 
changes and blunting of affect, in addition to other changes. Cerebellar changes have also 

25 been found before in dementia. A recent PET study found decreased cerebellar metabolism 
in patients with severe Alzheimer's, however they also found significant declines in 
glucose metabolism throughout the cerebrum (Ishii et al, 1997). The magnitude of the 
metabolic changes seen was least in the cerebellum, and greatest in the parietal cortex. The 
cerebellar changes found were only significant in patients with severe Alzheimer's. 

30 Another recent examination of patients with olivopontocerebellar atrophy found that this 
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group had deficits in tasks requiring intact frontal and parietal cortices. They postulated 
that the cerebellum was involved in modulation of these cortical areas, and thus the 
atrophy had resulted in the cognitive changes seen (Arroyo-Anllo and Botez-Marquard, 
1998). A case report of a patient with a cyclic cognitive-affective syndrome examined 
5 cerebral perfusion using SPECT (Patterson, 2001). This patient with atypical symptoms of 
dementia shows increased flow in the cerebellum, which may represent increased activity 
of the Purkinje cell's inhibitory output, or increased activity of cells upstream to the 
Purkinje neurons. The increase may have been compensatory, secondary to deficits in 
other interconnected areas such as the posterior parietal lobe. 

10 In the exemplar study, relative increases in metabolism are reported in the pons, 

cerebellum, and motor area of patients with MCI. There are previously reported findings 
of increased cerebellar metabolism in patients with AD (Patterson et al, 2002). There have 
been numerous works that report the use of the cerebellum as a reference or control 
region for normalizing semi-quantitative PET or SPECT data. Indeed, there has been 

15 debate on this topic, and at least one previous study has been done to validate the use of 
the cerebellum as a reference region in AD (Pickut et al, 1999). Others have found either 
no change (Pickut et al 1999, Soonawala et al, 2002), or decreased cerebellar metabolism 
in AD (Ishii et al, 1997). One further study found that pontine metabolism was most 
preserved in patients with AD compared to controls (Minoshima et al, 1995b). The use of 

20 a ratio of cerebellar to brain activity is not a novel methodology, in fact it is a standard 
means of "normalizing" semi-quantitative data (see above section on ROIs). As our work 
here is semi-quantitative, it is possible that the increases found in the pons, cerebellum, 
and motor strip are the result of global declines in the MCI population, sparing these 
regions. It is also possible that the metabolic decline found in some regions (posterior 

25 cingulate, parietal, etc) have resulted in compensatory activity in other nodes in a network 
of brain regions. There have been numerous reports in the literature documenting the 
involvement of the cerebellum in cognition (see Rapoport et al, 2000 for review), so it is 
not necessarily safe to presume that the cerebellum is uninvolved in AD or other disorders 
involving cognition. We postulate here that our results may not simply be intensity 

30 normalization due to global changes, but compensatory increased activity. Further study 
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on this question using absolute glucose metabolic rate and/or structural equation modeling 
to examine nodal interactions is certainly warranted, but whether or not the actual 
metabolism in these regions is increased or normal, they still serve as optimal regions for 
the calculation of the CDI. 

ROI data based on SPM results has been used to examine functional connectivity 
between the cerebellum and other regions in a study of acute psychosis and response to 
antipsychotic medication. Functional connectivity analysis is simply looking at the 
correlation coefficient between two regions (e.g., the cerebellum and the left dorsolateral 
prefrontal cortex) in a population, and comparing that value to one obtained in another 
population. This data has not been published as it contains some admittedly serious 
confounds. However, the underlying method of using SPM maxima to define ROIs, and 
then using the ROI data to look at the relationship between two or more brain regions is 
still valid. The concept of using a region of activity as a locus for an ROI is extant in the 
literature, and has been used previously (Buchel et al, 1997). This study used the locations 
of regional maxima from an SPM analysis as seed points for ROIs, and this data was then 
entered into a Structural Equation Model (SEM) analysis. The SEM and similar 
methodologies are more advanced than simple functional connectivity-type correlation 
analyses, and are called "effective connectivity" analyses. This method is important to 
review as it bears some similarities to my method. SEM involves the use of a set of mean 
intensity values derived from ROIs typically taken from specific regions. These regions can 
be defined by SPM maxima, as in the cited study. The underlying concept is based upon 
defined anatomical connections, and thus interprets a relationship between two regions as 
composed of either a direct connection, an indirect connection, or (more commonly) a 
combination of the two. This is important as the addition of greater than three "nodes" in 
this network increases the complexity of the calculation by a least an order of magnitude, 
and this complexity increases in a geometric fashion for each node added. One similarity to 
my method is that weights are assigned to a given "path" between two nodes. These 
weights are used to calculate a path coefficient that represents the strength or activity of 
the connection between the two nodes. This type of analysis is useful to examine the 
relationship between several regions, and how it may change with different cognitive 
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activities. The CDI samples mean ROI intensity data from multiple regions, and those 
values are entered into a formula to calculate the CDI. While one component of the 
formula involves weights, this is not to examine the relationship between regions. While 
there may be a relationship between certain regions sampled for the CDI, this is not 
5 implied, intrinsic, or necessary for the CDI to be valid and functional. 

As discussed before, three previous reports indicate that it is possible to detect 
brain metabolic changes using PET across groups of premorbid patients, who have not yet 
developed MCI, before subjective symptoms or neuropsychological impairment occurs 
(De Leon et al, 2001; Reiman et al, 2001; Small et al, 2000). All three use group analysis 

10 to detect changes in groups of subjects. The SPM results used in the instant invention are 
highly consistent with these previous reports. One study examined brain scans in a post- 
hoc measures, separating them based upon whether they develop AD later in life. The 
other two were also longitudinal studies. None of the three present a methodology that 
enables evaluation and production of a measure that is usable in a single patient. De Leon 

15 and others followed 48 healthy elderly individuals, and scanned them at baseline and again 
after 3 years. Some of the subjects showed evidence of cognitive decline. By grouping 
these patients post-hoc, and looking at their first scans as a function of whether they 
developed cognitive decline at 3 years, they found decreased metabolism in the entorhinal 
cortex, as well as increased frequency of ApoE4+ genotype. The Reiman study followed 

20 normal subjects who either had or didn't have the ApoE4 phenotype, and scanned twice 
with a two-year interval. They found that subjects who were ApoE4+ had decreased 
metabolism in regions of the temporal lobe, posterior cingulate, prefrontal cortex, basal 
forebrain, parahippocampus, and thalamus, in regions similar to those found in the present 
study. The last study by Small and others was similar. They followed 61 subjects, 54 of 

25 whom were aware of mild memory loss, but who were "normal" as determined by 
cognitive tests. In this population, ApoE4+ genotype was associated with initial decreased 
metabolism in the posterior cingulate, inferior parietal and lateral temporal areas. These 
metabolic changes predicted cognitive decline. These studies show that PET scanning 
using FDG is the most sensitive measure known for the detection of this disorder. 

30 Previous data indicates that using PET to diagnose early AD was cost-effective and no 
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more expensive than other methods, and resulted in improved accuracy (Silverman et al, 
2002). If our data holds up in further study, then PET will become even more accurate in 
the diagnosis of MCI. 

There have been previous reports that have attempted to discriminate patients with 
5 early cognitive changes or AD from normal subjects by using various methods of objective 
analysis. A study using a diagnostic index based on parietal lobe Z-scores was able to 
detect 97% of AD patients (Minoshima et al, 1995a). This same group extended this 
technique to patients with isolated memory impairment, but were able to detect only 50% 
(Berent et al 1999). Another report that used multiple regression and discriminant analysis 

10 correctly identified 87% of patients with mild to moderate AD and controls (Azari et al, 
1993). Another study that used logistic regression identified 95% of AD patients using a 
combined regressor of FDG metabolic data (from an arbitrarily defined ROI in the left 
temporoparietal area), along with performance on a "block design" cognitive test (Arnaiz 
et al 2001). A SPECT study using singular value decomposition and discriminant function 

15 analyses was able to detect about 60% of patients with early AD/MCI (Johnson et al, 
1998). 

The findings from all of these studies can be distinguished from the findings of the 
exemplar study presented here and the methodology of the instant invention by the 
variability in mathematical approaches, sensitivity, and most important and unique in the 

20 instant invention of the use of SPM-derived regional maxima as loci for the VOIs. This 
method eliminates the confounding condition of arbitrarily defining the lesion site, as well 
as bypasses the confounding requisite Bonferroni correction for multiple comparisons in 
SPM. Our method of using a CDI based on multiple VOIs allows for variance across the 
presentation, while methods that examine only one region (e.g., the parietal lobe) do not. 

25 The method of the preferred embodiment of the instant invention also examines 13 major 
nodes that we believe are most affected by the processes of AD, based on the a priori 
knowledge gleaned from the SPM analysis. 

The data presented here for the CDI 2 made use of an iterative optimization 
technique for VOI weighting that bears some similarity to neural-network classification. 

30 There have been two previous studies that used a neural-network method (Kippenham, 
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etal, 1992, 1994) to classify patients with AD from controls. These two reports used 
neural-network models based on 67 ROIs drawn in all the major regions of the brain. The 
1992 study reported that, for patients with possible AD (MMSE of 19±8), the area under 
the relative operating curve (ROC) was 0.81, similar to that for the clinical evaluation. 
5 This was somewhat higher for probable AD (MMSE 15±7) with a ROC area of 0.85, and 
improved even more in the 1994 study by using a scanner with higher resolution (ROC 
area 0.95). One important difference between the Kippenham studies and the data 
presented here is that we used a priori knowledge of where the pathological regions were 
(determined with SPM) to sample VOI data. In the instant invention, the SPM 

10 methodology is utilized in a unique way, to determine the exact location of regionally 
significant change for a 3D spherical VOI. By doing this, it is possible to bypass the major 
drawback of using ROI analysis, which is that the ROI is typically drawn arbitrarily. Even 
when drawn based upon anatomically defined areas, there still is no assurance that an area 
so defined will respond homogenously and thus provide a homogenous response. The use 

15 of VOIs in the instant invention is determined in this manner, along with the weights used 
to calculate the CDI are likely responsible for the very high sensitivity present in our data. 

PET is a technology that can make use of a variety of radioligands, and is not 
limited to FDG. AD has been studied with radioligands that bind to cholinergic receptors 
(e.g., Shinotoh et al, 2003) as well as to neurofibrillary plaques (Shoghi-Jadid et al, 2002). 

20 These techniques are quite different than the results presented here as they make use of 
completely different radioligands and do not examine brain metabolism. 

The CDI as described in the preferred embodiment is a marker that can be used to 
predict AD. As stated above, the marker/method described in United States Patents 
5,873,823 and 5,632,276 may be applied to the detection and diagnoses of multiple 

25 disease states, including both PD and AD. To apply the teachings of the instant patent to 
identify and predict the onset of more severe symptoms in other conditions such as PD, 
change would be made to the methodology of the instant invention to use different VOI's. 
This is due to the fact that the SPM analysis in the instant patent provides loci that are 
specific for MCI, and thus the loci sampled as used in the CDI are specific for MCI and 

30 AD. For diagnoses of PD, an SPM analysis of patients with PD compared to control 
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would have to be completed. 

With this requirement established, the following examples illustrate extensions of 
the CDI to additional clinical presentations. 
Parkinson's disease (PD) 
5 PD is a disorder of the brain which affects the dopaminergic neurons of the 

brainstem first and foremost. By the time that patients first notice a movement disorder or 
feel the first clinically noticeable signs and symptoms, 50% of the dopamine neurons have 
been destroyed. Previous reports have shown that there are metabolic changes present in 
the cerebral cortex as well as subcortical structures in early PD. One specific report by 

10 Eidelberg, as reported above, and others used FDG-PET and Scaled Subprofile Modeling 
to make predictions about disease states in PD. The description of the methodology in 
both the Eidelberg patent and the manuscript lacks clarity. 

The methodology of the instant patent may be applied to gather data in the same 
fashion with early PD as was done with patients with MCI. Baseline FDG PET scans can 

15 be obtained for a group of patients presenting with these symptoms or complaints, and 
compared to a group of age matched controls using SPM. The SPM statistical data can be 
used to determine the location (specific coordinates) of regions of significant change. 
These regions can be sampled with a 5 mm radius VOI using MARSBAR™. Estimates of 
the frequency of abnormality of each region can be calculated across the patient sample, 

20 and used to generate weights for each region. The mean of the weighted VOIs from 
regions where significant increased metabolism is found can be divided by that from 
regions with decreased metabolism. The grand mean of this ratio in the control subjects 
can be adjusted to 1, and the resulting adjustment factor used to normalize all ratios to this 
standard. This value can be called the "Parkinson's Disease Index," or PDI. 

25 Closed-head Injury (CHI) 

CHI is an altogether too common affliction. Patients who have suffered from 
concussive illnesses often have very little if any objective evidence on an MRI or CT scan 
to indicate that a traumatic injury has occurred. However, neuropsychological tests and 
behavioral measures often do find sometimes subtle changes. The purpose of using a PET 

30 index in CHI is to provide a definitive and objective measure that can guide treatment 
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and prognosis. 

The CDI methodology may be further adapted for use in the objective analysis of 
functional brain data (FDG-PET scans) from patients with CHI. This would involve the 
use of VOIs from regions that vary on a per-patient basis, as potential metabolic lesions 
5 would vary from patient to patient, depending on the location of the traumatic insult and 
the degree of coup/contre-coup type injury. Baseline FDG PET scans can be obtained for 
a given patient, and each individual patient can be compared to a group of controls using 
SPM. The SPM statistical data can be used to determine the location (specific 
coordinates) of regions of significant change. These regions can be sampled with a 5 mm 
10 radius VOI using MARSBAR™. The mean of the VOIs from regions where significant 
increased metabolism was found can be divided by that from regions with decreased 
metabolism. The grand mean of this ratio in the control subjects can be adjusted to 1, and 
the resulting adjustment factor used to normalize all ratios to this standard. 

Substance Abuse 

15 Abuse of dangerous and illicit substances is often found to be associated with 

pathophysiology in the orbitofrontal cortex and associated limbic and paralimbic regions. 
While the specific regions may vary with the substance being abused, the rationale remains 
the same. The purpose of using a PET index in patients who have abused drugs is 
potentially manifold: to investigate the risk of addiction in certain populations, to study the 

20 effect that acute substance abuse or dependency has on cerebral metabolism, and to 
evaluate populations for lesions who are abstinent but who have abused or were 
dependent in the past. 

Baseline FDG PET scans would be obtained for a group of patients with a history 
of drug use, and compared to a group of age matched controls using SPM. The SPM 

25 statistical data can be used to determine the location (specific coordinates) of regions of 
significant change. These regions can be sampled with a 5 mm radius VOI using 
MARSBAR™. Estimates of the frequency of abnormality of each region can be calculated 
across the patient sample, and used to generate weights for each region. The mean of the 
weighted VOIs from regions where significant increased metabolism is found can be 

30 divided by that from regions with decreased metabolism. The grand mean of this ratio in 
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the control subjects can be adjusted to 1, and the resulting adjustment factor used to 
normalize all ratios to this standard. 

Lewy Body Dementia, Pick's Dementia, Huntington's Disease 

Three other less common dementing diseases are Lewy Body Dementia, Pick's 
Dementia, and Huntington's Disease. These diseases have characteristic metabolic lesion 
patterns on the PET scan, and thus it is quite feasible to propose Cognitive Decline Indices 
that are specific for the exact dementia type. The purpose of using a specific PET index 
for these types of dementia would be several fold: to detect the dementing process as early 
as possible, to discriminate which type of dementing process it is, and to facilitate the early 
treatment of these disease processes. 

Baseline FDG PET scans can be obtained for a group of patients presenting with 
these symptoms or complaints, and compared to a group of age matched controls using 
SPM. The SPM statistical data can be used to determine the location (specific 
coordinates) of regions of significant change. These regions can be sampled with a 5 mm 
radius VOI using MARSBAR™. Estimates of the frequency of abnormality of each region 
can be calculated across the patient sample, and used to generate weights for each region. 
The mean of the weighted VOIs from regions where significant increased metabolism was 
found can be divided by that from regions with decreased metabolism. The grand mean of 
this ratio in the control subjects can be adjusted to 1, and the resulting adjustment factor 
used to normalize all ratios to this standard. 

In developing the CDI for any of these conditions, a patient's CDI is compared to 
established normal ranges of values. The presence of normality or abnormality is 
determined from the CDI value 500. If the CDI reading is negative, the patient is advised 
and educated about the clinical course of potential illnesses and told the signs to watch 
for. The potential benefits of preventative measures including anti-oxidants, mental 
exercises, beneficial diet and adequate rest are discussed 510. If the CDI reading is 
positive, the patient is educated about the meaning of the positive reading, and informed 
about the projected clinical course of the illness. The benefits of medication, and the 
potential benefit of ameliorative measures such as anti-oxidants, mental exercises, 
beneficial diet and adequate rest are discussed. 520. In either case, results are given to the 
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referring physician and the patient is scheduled for re-evaluation 530. Patient data is 
stored in the comprehensive patient database 540. 

The above descriptions of the exemplary embodiments of methods for the 
determination of clinical conditions and for the quantitative description of metabolically 
5 correlated brain function are for illustrative purposes. Those skilled in the art who have the 
benefit of this disclosure will recognize that certain changes can be made to the 
component parts of the method of the present invention without changing the manner in 
which those parts function to achieve their intended result. The instant invention may also 
be practiced in the absence of any element not specifically disclosed. All such changes, and 
10 others which will be clear to those skilled in the art from this description of the preferred 
embodiments of the invention, are intended to fall within the scope of the following, non- 
limiting claims. 
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